Atomic‐scale control of electronic structure and ferromagnetic insulating state in perovskite oxide superlattices by long‐range tuning of BO6 octahedra. by Li,  Weiwei et al.
Durham Research Online
Deposited in DRO:
04 August 2020
Version of attached file:
Published Version
Peer-review status of attached file:
Peer-reviewed
Citation for published item:
Li, Weiwei and Zhu, Bonan and Zhu, Ruixue and Wang, Qiang and Lu, Ping and Sun, Yuanwei and Cafolla,
Clodomiro and Qi, Zhimin and Chen, Aiping and Gao, Peng and Wang, Haiyan and He, Qing and Zhang,
Kelvin H. L. and MacManusDriscoll, Judith L. (2020) 'Atomicscale control of electronic structure and
ferromagnetic insulating state in perovskite oxide superlattices by longrange tuning of BO6 octahedra.',
Advanced functional materials. .
Further information on publisher's website:
https://doi.org/10.1002/adfm.202001984
Publisher's copyright statement:
c© 2020 The Authors. Published by WileyVCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original
work is properly cited.
Additional information:
Use policy
The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-profit purposes provided that:
• a full bibliographic reference is made to the original source
• a link is made to the metadata record in DRO
• the full-text is not changed in any way
The full-text must not be sold in any format or medium without the formal permission of the copyright holders.
Please consult the full DRO policy for further details.
Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
http://dro.dur.ac.uk
www.afm-journal.de
2001984 (1 of 8) © 2020 The Authors. Published by Wiley-VCH GmbH
Full PaPer
Atomic-Scale Control of Electronic Structure and 
Ferromagnetic Insulating State in Perovskite Oxide 
Superlattices by Long-Range Tuning of BO6 Octahedra
Weiwei Li,* Bonan Zhu, Ruixue Zhu, Qiang Wang, Ping Lu, Yuanwei Sun, 
Clodomiro Cafolla, Zhimin Qi, Aiping Chen, Peng Gao, Haiyan Wang, Qing He,* 
Kelvin H. L. Zhang,* and Judith L. MacManus-Driscoll*
Control of BO6 octahedral rotations at the heterointerfaces of dissimilar ABO3 
perovskites has emerged as a powerful route for engineering novel physical 
properties. However, its impact length scale is constrained at 2–6 unit cells 
close to the interface and the octahedral rotations relax quickly into bulk tilt 
angles away from interface. Here, a long-range (up to 12 unit cells) suppres-
sion of MnO6 octahedral rotations in La0.9Ba0.1MnO3 through the forma-
tion of superlattices with SrTiO3 can be achieved. The suppressed MnO6 
octahedral rotations strongly modify the magnetic and electronic proper-
ties of La0.9Ba0.1MnO3 and hence create a new ferromagnetic insulating 
state with enhanced Curie temperature of 235 K. The emergent properties 
in La0.9Ba0.1MnO3 arise from a preferential occupation of the out-of-plane 
Mn d3z2−r2 orbital and a reduced Mn eg bandwidth, induced by the suppressed 
octahedral rotations. The realization of long-range tuning of BO6 octahedra 
via superlattices can be applicable to other strongly correlated perovskites for 
exploring new emergent quantum phenomena.
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1. Introduction
Transition metal perovskite oxides, ABO3, 
exhibit a broad range of physical proper-
ties such as metal–insulator transitions, 
superconductivity and colossal magne-
toresistance. These fascinating proper-
ties are essentially determined by the 
interlinked and corner-connected BO6 
octahedra,[1,2] whose bond lengths and 
bond angles determine the hybridiza-
tion between transition metal nd and 
oxygen 2p orbitals, significantly altering 
the interplay between spin, charge, and 
orbital and lattice degrees of freedom.[3,4] 
Therefore, tuning of the BO6 octahedra 
is a key knob for the design of perovskite 
oxides with novel physical properties. In 
bulk compounds, the modulation of BO6 
© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open 
access article under the terms of the Creative Commons Attribution  
License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited.
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bond lengths and octahedral rotations are usually realized 
by substituting isovalent cations with different ionic radius, 
changing the temperature or applying high pressure.[5–8] In 
perovskite oxide heterostructures, the BO6 octahedra can be 
tailored by strain engineering (or substrate-induced lattice 
mismatch strain) and interfacial coupling at the heterointer-
faces between dissimilar perovskites, providing a new plat-
form for engineering novel electronic and ferroic ground 
states that are hard or even impossible to achieve in bulk.[2,9–19]
Strain engineering has been widely used for tuning the phys-
ical properties of perovskite oxide heterostructures. However, 
atomic-scale control of BO6 octahedral rotations is difficult to 
achieve directly by the tuning of epitaxial strain, because strain 
effects are rather complex and are usually accompanied by other 
effects such as structural changes, oxygen vacancies, etc.[2,19,20] 
On the other hand, recent studies have demonstrated that oxygen 
octahedral coupling (OOC) at the heterointerfaces can delicately 
tailor the local BO6 octahedral rotations at an atomic-scale without 
disturbing other structural changes, thus creating emergent elec-
tronic phases and functionalities.[15–17] However, as shown in the 
left sketch in Figure  1a, the major drawback of OOC is that its 
impact length scale is only 2–6 unit cells (uc) confined at the inter-
face region, and the modulation of BO6 octahedral rotations decays 
very quickly away from interface.[15–17,21–24] Therefore, an enhance-
ment of the impact length is highly desirable in order to extend 
the tuning of emergent effects beyond the interfacial region and to 
achieve a large volume of material, comprising novel functionali-
ties for both fundamental studies and device applications.
Amongst perovskite oxide-based systems, heterostructures 
composed of magnetic materials are especially fascinating, 
such as the ferromagnetism discovered at interfaces between 
two antiferromagnets or even between a paramagnet and an 
antiferromagnet.[25–28] Such magnetic interfaces are also highly 
important for technological applications such as next-generation 
dissipationless quantum electronic and spintronic devices. Fer-
romagnetic insulators with Curie temperatures (TC) above room 
temperature and forming coherent interface with electrodes are 
strongly needed for generating pure spin-polarized currents for 
spintronic devices.[29,30] Unfortunately, current promising ferro-
magnetic insulating materials have a TC significantly lower than 
room temperature.[31] Consequently, ferromagnetic insulators 
with a higher TC are highly desirable to be explored.
Bulk La0.9Ba0.1MnO3 (LBMO, pseudocubic lattice parameter 
≈3.89 Å) is a ferromagnetic insulator with a TC of ≈185 K.[32] 
However, when grown as a thin film, LBMO exhibits a ferro-
magnetic metallic state with TC of 250–295 K.[32] The origin of 
the ferromagnetic metallic state with increased TC is still not 
fully understood, but both cationic vacancies and strain offer 
possible explanations.[32,33] The physical properties of LBMO, 
similar to other manganites, is highly susceptible to the MnO6 
octahedral rotations.[15,17] At room temperature, bulk LBMO 
exhibits an orthorhombic structure with a−a−c+ rotation pat-
tern (Pbnm), and with Mn–O–Mn angles of 159.20° (in-plane) 
and 162.18° (out-of-plane) and MnO bond lengths of 1.986 Å 
(in-plane), 2.003 Å, and 1.968 Å (out-of-plane).[34,35] On the other 
hand, nonmagnetic SrTiO3 (STO, lattice parameter ≈3.90 Å) 
Figure 1. a) Schematic view of octahedral rotation modulation for plain LBMO (blue) on STO (red) substrate (left panel) and for L2S2 superlattice on 
STO substrate (right panel). The black arrows and their lengths indicate the direction and amount of the rotation angle change, respectively. b) Annular 
dark field (ADF)-STEM image of L8S8 superlattice, viewed from the pseudo cubic [110] direction. The scale bar is 3 nm. c) Top panel: Integrated dif-
ferential phase-contrast (iDPC) STEM image, corresponding to blue rectangle region in b. The atom columns are marked by different colors. The scale 
bar is 1 nm. Bottom panel: Plane-averaged octahedral tilt angles of LBMO and STO.
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crystallizes into a cubic structure with an a0a0a0 pattern 
(Pm-3m).[35] There is only an ≈0.26% lattice mismatch between 
LBMO and STO which allows us to minimize the unwanted 
strain effect and associated structural perturbations in LBMO/
STO superlattices. By building the superlattices, we can further 
exclude the effect of symmetry breaking at the free surfaces of 
epitaxial films with thickness scaling induced extra contribution 
to the modification of electronic structure and physical prop-
erties.[36] Hence, superlattices give us an opportunity to 
understand the link between the BO6 octahedral rotations and 
electronic structure, as well as novel ferroic and transport prop-
erties, which are currently not yet well understood. The sym-
metry breaking of the crystal and the structural discontinuity 
of the oxygen octahedra cage at the interfaces, as shown in the 
right sketch in Figure 1a, makes the LBMO/STO superlattice a 
prototypical system to investigate the electronic and magnetic 
ground state via the modification of the BO6 octahedra with a 
large impact length scale.
In this study, by carefully growing a series of (LBMO)N-
(STO)N (noted as LNSN; N = 4, 5, 6, 8, 9, 10, 12, and 14) superla-
ttices, we demonstrate that the modulation of MnO6 octahedral 
rotations in LBMO could be extended up to 12 uc which is sig-
nificantly increased in comparison to previously reported OOC 
length scale of 2–6 uc.[15–17,21–24] O K-edge X-ray absorption spec-
troscopy (XAS), X-ray magnetic circular dichroism (XMCD) and 
linear dichroism (XLD) and density functional theory (DFT) 
calculations reveal that when interfacial MnO6 octahedral rota-
tions are strongly suppressed, the Mn eg bandwidth is reduced 
and orbital reconstructions occur in the Mn 3d orbitals. This in 
turn modifies the magnetic and electronic ground states of the 
manganite and creates an emergent ferromagnetic insulating 
state in LBMO with an increased TC of 235 K.
2. Results and Discussion
The LBMO/STO superlattice and plain LBMO films were fab-
ricated by pulsed laser deposition (PLD) monitored by in situ 
reflection high-energy electron-diffraction (RHEED). Struc-
tural characterizations, such as X-ray diffraction (XRD), atomic 
force microscopy (AFM) and X-ray reflectivity (XRR), show the 
LNSN superlattice films with atomically flat surface, an interfa-
cial roughness of ≈4 Å, high crystalline quality and coherently 
strained to the STO substrates (Figure S1, Supporting Informa-
tion). The corresponding annular dark-field scanning trans-
mission electron microscopy (ADF-STEM) images, as shown 
in Figure 1b and Figure S2a (Supporting Information), further 
confirm the high-quality of the film with atomically sharp inter-
faces and the superlattice with designed periodicity. The slightly 
wavy interfaces observed in Figure S2a (Supporting Informa-
tion) may be caused by the presence of atomic terraces in the 
film along the viewing direction. Chemical sharpness was 
ascertained using atomically resolved energy-dispersive X-ray 
spectroscopic (EDS) mapping across the LBMO/STO interfaces 
(Figure S2b, Supporting Information). By considering geomet-
rical roughness and projection effect,[37–39] the interfacial inter-
mixing was determined to be around 1 uc.
We used integrated differential phase-contrast (iDPC) STEM 
imaging to directly visualize metal cations and oxygen anions in 
the superlattice, from which the displacements of oxygen anions 
with respect to the cations, i.e., octahedral tilt angles, were quan-
titatively determined.[40–43] Figure  1c (top panel) shows a repre-
sentative iDPC image of the LBMO/STO/LBMO layers, viewed 
from the pseudo cubic [110] direction. Using iDPC image, the 
TiO6 rotation pattern in the STO layer is confirmed as a0a0a0, 
consistent with the Pm-3m space group of bulk STO.[35] The 
plane averaged and projected tilt angles across LBMO/STO 
interfaces were further determined from the iDPC image, 
shown in the bottom panel of Figure 1c. It can be seen that the 
tilt angles in the LBMO layers are around 1°–2°, which are much 
smaller than the bulk value of 8°, indicating that the MnO6 octa-
hedral rotations are significantly suppressed by the OOC in the 
superlattice. In sharp contrast to a short impact length of OOC 
(≈3 uc) and a much smaller suppression of MnO6 rotation angles 
(from 4.5° to 8°) in a plain LBMO film directly grown on an 
STO substrate (Figure S3, Supporting Information), the impact 
length scale of OOC within the LBMO layers in the superlattice 
is considerably increased to be over 8 uc and the suppression of 
MnO6 octahedral rotations is very obvious. In addition, we also 
observed that there is a small difference in tilt angles between 
the interfacial (≈1°) and the interior (≈2°) LBMO layers.
Soft XAS at the manganese L-edges and oxygen K-edge were 
performed to investigate the effect of OOC on the electronic 
structure. Assuming a fully ionic charge assignment using the 
nominal valence for each layer, the LBMO/STO interfaces have 
a polar discontinuity at the interface with charge density of 
−0.9q(MnO2)/+0.9q(La0.9Ba0.1O)/0q(TiO2)/0q(SrO). We found 
that, compared to the plain LBMO films, there is a change of peak 
position of the Mn L3-edge in the L8S8 superlattice (Figure S4, 
Supporting Information), which could be caused by the elec-
tronic reconstruction within a polar catastrophe scenario akin 
to that in LaMnO3/SrTiO3 heterointerfaces.[44,45] The overall 
line-shapes of oxygen K-edge for 8 and 40 uc LBMO agrees with 
the reported spectra of La0.8Sr0.2MnO3,[46,47] apart from an addi-
tional feature at ≈531 eV for 8 uc that arises from Ti 3d–O 2p 
hybridized states from the STO substrate.[48] The oxygen K-edge 
XAS spectrum of the L8S8 superlattice (Figure 2a) shows a sub-
stantial reduction in the spectral feature, in comparison with 
plain LBMO films. The reduction of oxygen K-edge XAS inten-
sity may be induced by a decreased Mn 3d–O 2p hybridization 
and the signal attenuation from the top STO layer. As indicated 
by XRD results in Figure S1 (Supporting Information), the 
L8S8 superlattice film is fully strained to the STO substrate, i.e., 
the in-plane lattice constant (a) of the film is fixed due to sub-
strate-induced tensile strain. However, in comparison with bulk 
LBMO (pseudocubic lattice constant ≈3.89 Å) and plain 40 uc 
LBMO film (out-of-plane lattice constant ≈3.88 Å), we found 
that the out-of-plane lattice constant (c) is increased to ≈3.93 Å 
in the L8S8 superlattice. This indicates that the strongly sup-
pressed MnO6 octahedral rotations increase both the MnO 
bond lengths (c/a  >  1) and the MnOMn bond angles 
(Figure 1c), which may be mainly responsible for the reduction 
of Mn 3d–O 2p hybridization observed in the L8S8 superlattice. 
Compared with plain LBMO films, the pre-edge position of the 
L8S8 superlattice shifts toward higher photon energy (Figure S5, 
Supporting Information), suggesting a reduction of Mn eg 
bandwidth. In bulk manganites, the Mn eg bandwidth increases 
as the decrease of MnO bond lengths and the increase of 
Adv. Funct. Mater. 2020, 2001984
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MnOMn bond angles. Using geometry arguments, the 
suppression of MnO6 octahedral rotations should increase the 
lattice constants.[34,35] However, the in-plane lattice constant of 
LBMO in the L8S8 superlattice is pinned to that of the STO 
substrate (3.905 Å), which is smaller than twice that of the 
MnO bond length (1.986 Å) in bulk LBMO.[34] In this case, 
for an idealized model where the MnO6 octahedral rotations are 
strongly suppressed, this gives rise to a compressive in-plane 
stress, which increases the out-of-plane MnO bond length. 
This could explain the reduction of Mn eg bandwidth in the 
L8S8 superlattice, even though the increase of the MnOMn 
bond angles may tend to increase the eg bandwidth. Similar 
reduction of bandwidth was reported in the SrIrO3 films grown 
on STO substrates when IrO6 octahedral rotations are strongly 
suppressed.[49] We then further investigated the orbital occu-
pancy and magnetic ground states using XLD and XMCD, 
which provide direct information on the empty Mn 3d orbital 
states and element-specific information on magnetism, respec-
tively.[50,51] For the XLD spectra, the smaller (larger) absorption 
of in-plane polarization suggests more out-of-plane (in-plane) 
empty states in the eg band and thus a higher occupancy in 
the in-plane (out-of-plane) orbitals.[50] As shown in Figure  2b, 
the XLD spectrum of L8S8 superlattice shows a pronounced 
positive signal at the Mn L2 absorption region (646–657 eV), as 
compared with the plain LBMO films. The strongly suppressed 
MnO6 octahedral rotations cause the elongation along the out-
of-plane (c/a >  1) in the L8S8 superlattice, leading to a prefer-
ential occupation of the out-of-plane d3z2−r2 orbitals in Mn 3d 
orbital (Figure S6, Supporting Information).[50] The unexpected 
out-of-plane d3z2−r2 occupancy in the eg orbital observed in the 
plain LBMO films under small tensile strain could be caused by 
the free surface effect.[50] The line-shapes of the XMCD spectra 
(Figure 2c) are similar to the reported data of La0.7Sr0.3MnO3.[52] 
The XMCD spectra clearly reveal strong dichroism, providing a 
solid evidence for a net ferromagnetic moment associated with 
Mn cations in the films.
Owing to the suppression of MnO6 octahedral rotations and 
associated orbital reconstruction within the LBMO layers in the 
superlattices, we also observed a pronounced change of macro-
scopic magnetic and transport properties. Magnetic and trans-
port measurements (Figure  3; Figures S7 and S8, Supporting 
Information) show that the LNSN with N ≤ 12 exhibit a ferro-
magnetic insulating state, while the L14S14 superlattice retains 
a ferromagnetic metallic state similar to plain LBMO films 
grown on STO substrate. The ferromagnetic insulating TC of 
the L12S12 superlattice is around 235 K, which is significantly 
higher than that of bulk LBMO (185 K).[32] We attribute this 
enhanced TC to the extended modulation of MnO6 octahedral 
rotations within LBMO layers in the superlattice. A comparison 
with plain LBMO films provides further solid evidences of the 
associated modulation of transport properties by an atomic-scale 
control of MnO6 octahedral rotations. As shown in Figure  3b, 
plain LBMO films (8 and 10 uc) directly grown on STO substrate 
show a metallic state whereas the L8S8 and L10S10 superlattices 
show an insulating behavior. We attribute the distinct transport 
properties of L8S8 and L10S10 superlattices to the reduction of 
Mn eg bandwidth via the suppressed MnO6 octahedral rotations, 
as revealed by the iDPC image (Figure  1c) and oxygen K-edge 
XAS (Figure  2a; Figure S5, Supporting Information) studies. 
Furthermore, the comparison of transport properties between 
plain LBMO films and LNSN superlattices suggests that the 
length for the suppression of the MnO6 octahedral rotations in 
the superlattices could be up to 12 uc.
To gain further insights into the correlation between the 
MnO6 octahedral rotations and its link to the electronic and 
magnetic structures, we performed first-principles DFT calcula-
tions for the L4S4 superlattice. The depth dependence of octa-
hedral rotations across the interfaces (Figure S9a, Supporting 
Figure 2. a) XAS O K-edge spectra of plain LBMO and L8S8 superlattice films measured at 300 K. b) XLD and c) XMCD spectra of plain LBMO and 
L8S8 superlattice films. XMCDs were measured at 4 T and 20 K and XLDs were measured at 300 K without a magnetic field.
Adv. Funct. Mater. 2020, 2001984
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Information) shows that the MnO6 octahedral rotations are sup-
pressed at interfaces, consistent with the suppression of MnO6 
octahedral rotations observed by iDPC images (Figure 1c). Due 
to the reduction of tilt angle at the LBMO/STO interfaces, we 
found that the Mn eg bandwidth of LBMO is reduced from 
3.71 eV in the interior layer to 3.22 eV (or 3.34 eV) at the inter-
facial layers (Figure S9b, Supporting Information) and the 
hybridization of Mn eg band–O 2p is reduced through a par-
tial density of states analysis, in agreement with the observa-
tion in oxygen K-edge XAS (Figure  2a; Figure S5, Supporting 
Information) studies. Furthermore, the increased d3z2−r2 orbital 
occupancy of eg band is also supported by the DFT calculations, 
agreeing well with the XLD results (Figure 2b).
Interestingly, the suppressed MnO6 octahedral rotations 
are also accompanied by a change in the local magnetization 
within the LBMO layers in the superlattices. Polarized neutron 
reflectometry (PNR) measurements were used to determine 
quantitatively the depth profile of the magnetization across 
the L8S8 superlattice. The film was field cooled to the meas-
urement temperature of 25 K with a 1 T field. Figure 4a shows 
the PNR data with the reflectivity normalized to the asymptotic 
value of the Fresnel reflectivity, RF ( = 16π2/Q4). The + (−) sign 
denotes neutron beam polarization parallel (opposite) to the 
applied field and corresponds to reflectivities, R±(Q). Q was 
calculated by Q = 4π sin(αi)/λ, where αi is the angle between 
the incident neutron beam and the projections on the sur-
face and λ is neutron wavelength. The spin asymmetry [SA = 
(R+ − R−)/(R+ − R−)], a measure of net magnetization, is shown 
in Figure  4b. Due to the fact that the nuclear scattering den-
sity of LBMO (3.55e−6/A2) and STO (3.53e−6/A2) are nearly 
identical, to obtain an unambiguous fitting results of both 
chemical structure and magnetic structure, the PNR data were 
fitted together with the XRR data (Figure S1, Supporting Infor-
mation). For the fitting, the layer thickness and the interface 
roughness were mainly determined by XRR. We allowed the 
magnetization of the LBMO layers to vary to achieve the best fit 
to PNR data.[53] These set of constraints produced excellent fits 
to the reflectivity (Figure  4a) and spin asymmetry (Figure  4b). 
The obtained magnetic depth profile (Figure  4c) suggests that 
the interfacial LBMO layers exhibit enhanced magnetization 
Figure 3. a) Ferromagnetic insulating state to ferromagnetic metallic state transition observed in LNSN superlattices. b) Comparison of resistivity of 
plain LBMO (8 and 10 uc) films and LNSN (N = 8 and 10 uc) superlattices.
Figure 4. a) Normalized neutron reflectivities (R/RF) and b) spin asym-
metry [SA = (R+ − R−)/(R+ + R−)] of the L8S8 superlattice. RF [=(16π2)/Q4] 
is the Fresnel reflectivity. Symbols represent the experiments results from 
the neutron measurements. Solid lines are the fits to the experimental 
data. c) Nuclear scattering length density (nSLD, black line) and magnetic 
scattering length density (mSLD, blue line) depth profiles obtained from 
fitting the combined X-ray and neutron reflectivity data. Inset: Schematic 
drawing of the superlattice geometry. The dashed line represents the 
mSLD depth profiles with the absolute sharp interfaces.
Adv. Funct. Mater. 2020, 2001984
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compared to the interior LBMO layers, as would be expected for 
the superlattice, where the octahedral rotations very close to the 
interface are strongly suppressed (≈1°), while the tilt angle away 
from the interface increases to ≈2°, as revealed by the iDPC 
image (Figure  1c). The finding of enhanced magnetization in 
the interfacial LBMO layers is consistent with previous experi-
mental observation of enhanced magnetization in interfacial 
La0.5Sr0.5MnO3 and La0.67Sr0.33MnO3 layers via the locally sup-
pressed MnO6 octahedral rotations.[23,54] The mechanism of 
such enhancement in magnetization could be attributed to the 
subtle competition among the orbital reconstruction, the reduc-
tion of Mn eg bandwidth and the increase of both the MnO 
bond lengths and the MnOMn bond angles, although the 
exact nature is still not clear.[54] The fitting result also suggests 
an asymmetric magnetization within the LBMO layers close to 
the interfaces. This can be caused by the asymmetric boundary 
conditions, such as the interfacial termination, roughness, 
charge, etc. Similar asymmetric magnetization profiles in the 
La0.7Sr0.3MnO3 thin films has been observed previously.[55]
3. Conclusion
In summary, we have employed the LBMO/STO superlat-
tices as a model system to demonstrate an extensive control of 
MnO6 octahedral rotations with greatly enhanced OOC impact 
length of up to 12 uc, compared to the previously reported 
2–6 uc.[15–17,21–24] Suppression of MnO6 octahedral rotations 
leads to a change of magnetic exchange interactions, a reduced 
Mn eg bandwidth and orbital reconstruction. Consequently, an 
emergent ferromagnetic insulating state is realized in LBMO 
with an enhanced TC of 235 K, which is significantly higher 
than that of bulk LBMO (185 K). In addition, an enhancement 
of magnetization in the interfacial LBMO layers is observed 
with strong coupling to the finely tuned MnO6 octahedral rota-
tions. Our results also lend themselves to the use of the inter-
face octahedral rotation control in other perovskite materials, 
opening up new perspectives for the rational design of new 
classes of quantum materials for next-generation electronic 
devices.
4. Experimental Section
Film Fabrication and Characterization: (LBMO)N-(STO)N (N = 4, 5, 6, 
8, 9, 10, 12, and 14) superlattices with total layer thicknesses of 72–80 uc 
and plain La0.9Ba0.1MnO3 films were grown on TiO2-terminated STO 
(001) substrates. Both LBMO and STO sublayers were deposited 
at 750  °C and 100 mTorr oxygen partial pressure from respective 
stoichiometric targets using the KrF excimer laser (248 nm) with a laser 
fluence of 1.5 J cm−2. During the growth, in situ reflection high-energy 
electron-diffraction (RHEED) intensity oscillations were monitored to 
control the growth at the unit-cell level. After growth, the films were 
cooled down to room temperature under an oxygen pressure of 300 Torr. 
Film structures and surface morphologies were investigated by X-ray 
diffraction (XRD) on a high-resolution X-ray diffractometer (Empyrean, 
PANalytical, The Netherlands) using Cu Kα radiation (λ = 1.5405 Å) and 
atomic force microscopy (AFM), respectively.
Scanning Transmission Electron Microscopy: For the L8S8 superlattice, 
cross-sectional samples oriented along [110]pc direction for the ADF-
STEM and iDPC image acquisition were prepared by slicing, gluing, 
grinding, and argon ion milling. The final milling was accomplished by 
PIPS (Model 691, Gatan Inc.). ADF and iDPC images were recorded at 
300 kV using an aberration-corrected FEI Titan Themis G2 with spatial 
resolutions up to 60 pm. The convergence semiangle for imaging was 
30 mrad, the collection semiangles snap was 4–21 mrad for the iDPC 
imaging, and 39–200 mrad for the ADF. The atom positions were 
determined by simultaneously fitting with 2D Gaussian peaks using a 
MATLAB code. The tilt angles are calculated based on the obtained 
atom positions. A systematic error bar was estimated from the rotation 
angle observed in the STO substrate. For a plain 26 uc LBMO film, as 
shown in Figure S3 (Supporting Information), high-angle annular dark-
field (HAADF) and annular bright-field (ABF) STEM images were taken 
using a Nion UltraSTEM operating at 200  kV, equipped with a cold 
field-emission electron gun and a corrector of third- and fifth-order 
aberrations. The convergence semiangle for the electron probe was 
about 30 mrad. HAADF signals for the samples were collected from a 
detector angle range with an inner collection angle of ≈63 mrad. Thirty 
quickly scanned images (0.5 µs per pixel, with a pixel size of 5–10 pm) 
were aligned via autocorrelation and displayed as sum image, which 
was wiener filtered to reduce noise. Image analysis was done via Digital 
micrograph and ImageJ scripts.
Magnetic and Transport Characterization: Macroscopic magnetic 
measurements were performed with a Quantum Design MPMS3 
SQUID-VSM magnetometer. Transport measurements were measured 
by a Quantum Design Physical Property Measurement System 
(PPMS).
X-Ray Absorption Spectroscopy: X-ray absorption spectroscopy 
(XAS), X-ray linear dichroism (XLD), and X-ray magnetic circular 
dichroism (XMCD) measurements at the Mn L-edge were carried out 
at beamline 4.0.2 at the Advanced Light Source, Lawrence Berkeley 
National Laboratory. The measurements were performed using the total 
electron yield (TEY) model and the angle of incident beam was 30° to 
the sample surface. XMCD measurements were performed at 20 K in a 
4 T magnetic field applied in the a–b plane of the films, parallel to the 
beam propagation direction. To ensure that the XMCD signal was of a 
magnetic origin, the magnetic field was applied in the opposite direction 
to verify the sign of the XMCD reversed. XLD measurements were 
carried out at 300 K without a magnetic field. XLD spectra were obtained 
by the intensity difference (Iv  − Ih) between the spectra measured 
with horizontal (Eh) and vertical (Ev) linear polarizations. The XAS 
characterization at oxygen K-edge was carried out at the I06 beamline 
of the Diamond Light Source. The spectra were also collected using a 
TEY model and the angle of incident beam is 30° to the sample surface.
Polarized Neutron Reflectometry: Polarized neutron reflectometry 
(PNR) measurements were carried out at BL-4A at the Spallation 
Neutron Source (SNS), Oak Ridge National Laboratory. A saturating 
magnetic field of 1 T was applied along the in-plane direction during field 
cooling and throughout the PNR measurements at 25 K. PNR and XRR 
data were simulated and fitted by using GenX.[56] The nuclear scattering 
length densities (nSLDs) for the LBMO and STO thin films were fixed to 
their calculated bulk values. The chemical thicknesses of each layer were 
constrained to the parameters obtained from XRR fitting.
Density Functional Theory Calculations: Density functional 
theory (DFT) calculations were performed using the plane wave 
pseudopotential code CASTEP.[57] A plane wave cut off energy of 700 eV 
with on-the-fly generated core-corrected ultrasoft pseudopotentials 
was used. The valence states include 2s and 2p of O, 3s, 3p, 3d, 
and 4s of Ti, 3s, 3p, 3d, and 4s of Mn, 4s, 4p, and 5s of Sr, 5s, 5p, 
and 6p of Ba. The Perdew–Burke–Ernzerhof (PBE) exchange-
correlation functional was used.[58] Projected density of states was 
calculated using OptaDOS[59] with adaptive broadening.[60] The 
simulation cell was consisted of 2 × 2 × 4 unit cells of STO and 
2 × 2 × 4 pseudocubic cells of LBMO, as shown in Figure S8 (Supporting 
Information). The k-points were sampled using a 3 × 3 × 1 Monkhorst–
Pack grid. The A-site doping was explicitly introduced by replacing one 
in eight La atoms with Ba. The Hubbard U correction with U = 3 eV was 
used for the Mn 3d electrons to account for the self-interaction error 
due to localized electrons.[61] The lattice constants of the simulation cell 
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were fixed during the geometry optimization of ionic coordinates. An 
in-plane pseudocubic lattice constant of 3.98 Å was used to reproduce 
the experimentally observed biaxial tensile strain in LBMO. Note that 
the Hubbard U correction further increased the equilibrium cell volume 
of LBMO on top of the PBE level. The cell length in the out-of-plane 
direction was set to the corresponding multiples of that of the relaxed 
bulk structures. The STO units were fully constrained to simulate 
the strong octahedra pinning observed experimentally. The AiiDA 
framework was used to manage the calculations and preserve their 
provenance.[62]
Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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